ABSTRACT The Apical Ectodermal Ridge (AER) is one of the main signaling centers during limb development. It controls outgrowth and patterning in the proximo-distal axis. In the last few years a considerable amount of new data regarding the cellular and molecular mechanisms underlying AER function and structure has been obtained. In this review, we describe and discuss current knowledge of the regulatory networks which control the induction, maturation and regression of the AER, as well as the link between dorso-ventral patterning and the formation and position of the AER. Our aim is to integrate both recent and old knowledge to produce a wider picture of the AER which enhances our understanding of this relevant structure.
Introduction
During development, the formation of a new organism results from the coordinated combination of multiple processes including growth, patterning and cell death. Among the major established models to study these fundamental processes is the developing vertebrate limb. One of the greatest advantages of the developing limb is that it is not a vital organ and so, therefore, genetic or experimental manipulations that even completely disrupt its formation are still compatible with embryo survival.
An important part of the body of knowledge concerning limb development was generated by pioneer experimental manipulations of the chick wing bud performed in the second half of the past century. The chick was used as a preferential study model because of the great advantage of easy accessibility and experimental manipulation. These early studies enabled definition of the main cellular interactions and patterning events underlying limb development and laid the foundations for subsequent molecular studies (see, for example, Hinchliffe and Johnson, 1980) . More recently, in the molecular era, the mouse model with its possibilities for genetic manipulation and other animal models such us the zebrafish have permitted us to complete and expand previous knowledge particularly with the addition of the information about the molecules and genes involved.
The basic configuration of the amniote limb includes three main segments that from body wall to distal tip are called the stylopod, the zeugopod and the autopod. The stylopod and the zeugopod contain one and two skeletal elements respectively and are highly conserved across species. In contrast, the distal segment or autopod, which contains the multiple skeletal elements of the hand/foot including the digits, is subject to considerable evolutionary variation. It is presently accepted that all extant tetrapods descend from a common ancestor that had limbs with five digits (pentadactyl limbs). While many species have reduced the number of digits or even lost the limb, there does appear to exist a limit to the maximum number of digits (Cohn and Tickle, 1999; Cohn, 2001 ). In the vertebrate autopod digits are designated from 1 to 5 starting from the anterior border. The identity of each digit is ascribed based on its size, length, number of phalanges and relative position in the digital plate. Characteristically, the first digit of the human and mouse autopod has two phalanges while the rest of the digits have three. However, when one or more digits are missing, because of evolutionary change or malformations, the identity of the remaining digits is not usually easy to determine. A typical example is that of the bird wing, whose three digits, based on embryologic evidence, can be classified as digits 2, 3 and 4 but which, based on the fossil record and on gene expression, can also be classified as digits 1, 2 and 3 (Vargas and Fallon, 2005) .
The first morphological indication of limb development is the appearance of symmetric slight swellings in the lateral body wall at about 51-56 hours of incubation in the chick embryo ( Fig. 1A-B ) (stage 16 of Hamburger and Hamilton, 1951) and at about embryonic developmental day (E) 9,5 in the mouse embryo (Wanek et al., 1989; Fernández-Terán et al., 2006) . These swellings extend from the level of the 15 th to 20 th somite in the chick and from the 7 th to 12 th in the mouse and are called the forelimb bud or limb anlage (Ger. Primordium). Similar swellings opposite the 26 th to 32 nd somites in the chick and from the 23 rd to 28 th in the mouse indicate the emergence of the hindlimb buds. Curiously, the time between the emergence of fore and hindlimbs is much narrower in the chick than in the mouse. These early limb buds result from the accumulation of somatopleural cells under the surface ectoderm and are, therefore, composed of a mesenchyme of mesodermal origin covered by the ectoderm (Fig.1C) . From the earliest stages, the mesenchyme of the limb buds becomes heterogeneous due to the colonization by migrating endothelial and muscular precursor cells that come from the somites (Tozer and Duprez, 2005; Tozer et al., 2007) .
After the initial budding, further limb development proceeds relying on multiple intercellular interactions, the main ones of which are directed by three signaling centers that become established in the bud as it emerges (reviewed in Mariani and Martin, 2003; Niswander, 2003; Tickle, 2003; Mackem, 2005) . Each signaling center controls patterning in one of the main axes of the limb and they are all absolutely essential for normal development since they provide the growth factors necessary for patterning the limb. These signaling centers are: the AER, the zone of polarizing activity (ZPA) and the non-AER ectoderm. The AER is the specialized thickened ectoderm rimming the distal edge of the limb bud and is required for proximal-distal elongation (Fig. 1D, 1E ). The ZPA is a group of mesodermal cells located at the posterior border of the bud that controls patterning along the anterior-posterior axis. Finally, the non-AER ectoderm directs pattern formation in the dorsal-ventral (DV) axis. Recent studies have emphasized that the function of these signaling centers is interdependent and that adequate interactions between them are absolutely essential for a morphologically correct limb to develop (Laufer et al., 1994; Niswander et al., 1994; Parr and McMahon, 1995; Yang and Niswander, 1995) . An example of this is the complex feedback loop established between FGFs expressed in the AER and SHH expressed in the ZPA, which ensures proper limb patterning (Laufer et al., 1994; Niswander et al., 1994) . Thus, limb development is controlled by multiple cell-cell interactions and among them the interactions between the mesenchyme and the ectoderm are particularly relevant.
This review will restrict itself to considering only the function of the AER in the proximo-distal organization of the limb bud, primarily based on data obtained from chick and mouse developing limbs.
AER morphology
The AER is usually defined as the thickened epithelium rimming the distal tip of the growing limb. The well-established AER is a strip of pseudostratified columnar epithelium in the chick and polystratified epithelium in the mouse, covered by the overlying periderm, which runs along the distal DV border of the limb bud (Fig. 2) . However, it is important to take into consideration that the AER is a very dynamic structure constantly undergoing morphogenetic changes.
The dynamics of AER morphology were well studied in the chick limb bud (Todt and Fallon, 1984; 1986) . In the wing bud, the AER becomes anatomically distinguishable at late stage 18HH when the distal ectodermal cells of the bud acquire a columnar shape that makes them distinct from the rest of the cuboidal ectoderm. It is only at stage 20HH that the AER adopts the structure of a pseudostratified epithelium that is maintained at later stages ( Fig.  1D and 2A) . From stage 23-24HH the height of the AER progressively decreases (compare Fig. 1D and Fig. 1E ) until it eventually regresses at the time the last phalanges are laid down. This occurs between stages 33-35HH in the chick leg (Patou, 1978) . During the period of its maximum height, a groove is visible at the base of the chick AER (Todt and Fallon, 1984) .
The mouse AER is an equally dynamic structure. The ventral ectoderm of the emerging E9.5 forelimb is already thicker than the dorsal ectoderm and corresponds to the early AER (Bell et al., 1998; Loomis et al., 1998) . By E10 this thickening is more pronounced since the epithelium is now bilayered and has become 
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A confined to the ventro-distal margin of the bud although it is not discernible in living specimens or by scanning electron microscopy (SEM; Wanek et al., 1989) . By E10.5-11, corresponding to stage 3 of Wanek et al. (1989) , a linear and compact AER with a polystratified epithelial structure (3-4 layers) has formed and positioned itself at the distal DV border of the bud ( Fig. 2B ; Kelley and Fallon, 1983; Meyer et al., 1997; Bell et al., 1998) . The notch observed at the base of the avian AER is never observed in the mammalian ridge (Kelley, 1973) . It is worth mentioning that the structure of the human AER is more similar to that of the mouse (Milaire, 1965) . The term "mature AER" denotes a linear compacted band of pseudostratified (bird) or polystratified (mammal) epithelium running along the distal tip of the bud. Previous stages in AER development, when its mature morphology has not yet been established, are normally referred to as "pre-AER" (Loomis et al., 1998; Kimmel et al., 2000) . It is worth noting that both in chick and mouse, a mature AER is not formed until relatively late, about 24 hours after the initial budding of the limb. Indeed, in the mouse, the typical elevation of the mature AER is not detectable by SEM until E11 (Wanek et al., 1989) . After reaching its maximal elevation, the AER begins to flatten, eventually becoming morphologically indistinguishable from the dorsal and ventral ectoderm. This process of progressive flattening of the AER is referred to as "AER regression" and occurs first over the interdigital spaces then over the digits (Jurand, 1965; Milaire, 1974; Wanek et al., 1989; Guo et al., 2003) . Remarkably, genetic cell lineage analysis in the mouse has shown that no descendents of AER cells are detectable at birth indicating that the AER is an embryonic transitory structure (Guo et al., 2003) . This contrasts with other signaling centers of the limb bud such as the ZPA, whose descendents contribute to more than half of the autopod .
Despite the elaborated structural organization of the mature AER, it is known that it is not required for its function. The first evidence in this direction came from early experiments performed by Saunders and co-workers, showing that an ectodermal hull that had been reversed inside out could still accomplish a perfect function (Errick and Saunders, 1974) . These investigators also dissected, dissociated and re-aggregated AER cells to demonstrate that after this process they were still capable of directing normal outgrowth and patterning (Errick and Saunders, 1976 ). An intriguing question, then, is why the AER adopts its typical morphology. The observation that highly prominent AERs associate temporally and spatially with intense mesodermal growth, suggests that the pseudo or polystratified morphology may be adopted to pack at the distal tip of the limb a higher number of AER cells, and therefore, focalize a higher production of growth factors. In the chick wing bud for example, the height of the AER varies along its anterior-posterior length; the area of highest elevation associates with the posterior mesoderm where more active growth occurs (Saunders, 1948) . Also, the particular morphology of the mature compacted AER may be required to provide an adequate mechanical framework to generate the paddle shape of the limb bud and achieve the refined distal morphology of the limb (Dahmann and Basler, 1999) . This notion is supported by the digital malformations, most frequently syndactyly that associate with deficiencies in the process of AER maturation. It is also worth mentioning here that a proper AER morphology is not equivalent to a functional AER, as we will discuss below.
Inherent with normal AER development is the presence of apoptotic cells (Fig. 3A) . Both in chick and mouse limb buds, apoptotic cell death is always observed within the AER all along its life span (Jurand 1965; Todt and Fallon 1984; Fernandez-Teran et al., 2006) . Dying cells are uniformly distributed all along the anterior-posterior extension of the AER, except during the early stages of the chick wing development, when cell death preferentially localizes to the anterior part of the AER (Todt and Fallon, 1984; Fernandez-Teran et al., 2006) . Curiously, cell death was never observed in the non-AER ectoderm while mitosis occurred similarly in AER and non-AER ectoderm (Fernandez-Teran et al., 2006) (Fig. 3) . Therefore, whilst mitosis and apoptosis are con-B A A B been suggested. The cells residing within the PZ are supposed to progressively change their positional value to a more distal one by an autonomous timing mechanism. It has been suggested that this timing mechanism could involve the counting of the number of cell divisions. When, as a consequence of normal growth, a cell egresses the PZ, its positional value is in fact fixed according to the last positional value acquired while in the PZ. Therefore, cells that leave the PZ early differentiate into proximal elements, while cells that remain longer in the PZ make distal elements. This model satisfactorily explains the results obtained after AER removal as well as other experiments including the phocomelia that results after X-ray irradiation of the limb and the effect of thalidomide (Wolpert et al., 1979) . Different kinds of recombination experiments have shown that the AER exerts a permissive function on the underlying mesoderm. The mesodermal component of a limb bud can be separated from its ectodermal hull and recombined with a limb ectoderm of different age, type (fore versus hind) or even a different species (chick versus mouse) and still it will give rise to a normal limb (Rubin and Saunders, 1972; Kuhlman and Niswander, 1997; FernandezTeran et al., 1999) . These experiments highlight the equivalence between AERs of different developmental age and origin disregarding the variations in morphology and gene expression (see below) that the AER normally undergoes. However, the abovementioned experiments can also be taken as indicating that the AER is a very malleable structure that rapidly responds to the mesoderm; an AER transplanted over a non-matching mesoderm (because of developmental age, type of limb, specie, etc.) rapidly modifies its morphology and gene expression to adapt to the new situation (Zwilling, 1956 ; MR personal results). It should be noted here that recombination experiments mentioned above have only been successful when the mesoderm is of the same (or related e.g. chick/quail) species origin as the host in which it is going to be grafted. For example recombinant limbs with mouse mesoderm and chick ectoderm have not been shown to survive on a chick host.
Gene expression within the AER
During the 90s, it gradually became known that AER function was mediated by its production of several members of the Fibrocomitantly observed in the AER, only cell proliferation but not cell death occurs in the non-AER ectoderm (Fernandez-Teran et al., 2006) .
Although the meaning of cell death in the AER is not yet clear, several observations indicate that it contributes to the control of the number of AER cells. For example, a substantial decrease in the number of apoptotic cells within the AER correlates with polydactylous phenotypes that are, therefore, interpreted as resulting from enhanced AER activity (Hinchliffe and Ede, 1967; Dvorak and Fallon, 1991; Bose et al., 2002) . Very interestingly, the Notch signaling pathway has been involved in the control of the apoptosis within the AER (Francis et al., 2005) . Reciprocally, excess of cell death in the AER leads to loss of AER cells as occurs in the Dactylaplasia mutation in mouse, in which the central portion of the AER regresses leading to a phenotype similar to the split-hand/ split-foot human malformation (Mills et al., 1999; Sidow et al., 1999; Yang et al., 1999) .
AER activity
The critical role of the AER in limb bud outgrowth was first revealed by experiments in which it was experimentally removed: the limb that resulted was normal up to a certain level beyond which development failed and nothing formed (Saunders, 1948; Summerbell, 1974; ). Very interestingly, the level of truncation correlated with the stage at which the AER was removed: the earlier the removal, the more proximal the level of truncation. These studies, together with studies of cell lineage, supported the notion that the limb skeletal elements were laid down in a proximo-distal sequence with proximal elements beginning differentiation earlier than more distal ones.
To explain the sequential proximo-distal formation of limb elements specifically, Lewis Wolpert and colleagues devised the Progress Zone Model (Summerbell et al., 1973) . The model proposes that progressively distal positional information values are specified in a labile region at the tip of the bud called the "progress zone (PZ)". The PZ is the layer of mesoderm, approximately 300 µm wide, that is under AER influence. Unfortunately, there is no good marker of PZ although several, such as Msx1 (Yokouchi et al., 1991; Ros et al., 1992) , Nmyc (Sawai et al., 1990) , Slug (Ros et al., 1997) , and AP2 (Chazaud et al., 1996; Shen et al., 1997) , have 
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blast growth factor (Fgfs) family. Four members of this numerous family, Fgf8, Fgf4, Fgf9 and Fgf17, show a restricted pattern of expression in the AER during mouse and chick limb development and, accordingly, they are referred to as AER-Fgfs (reviewed in Martin, 1998; Tickle and Munstenberg, 2001 ). In addition, two other Fgfs are expressed in the chick AER: Fgf2, which is also expressed in the limb ectoderm and underlying mesoderm (Savage et al., 1993; Dono and Zeller, 1994) , and Fgf19 (Kurose et al., 2004) .
Fgf8 expression is detected in the limb surface ectoderm from the earliest stages of limb development (16HH in the chick wing and E9 in the mouse forelimb) (Fig. 4) , and its expression is considered to mark the precursors of the AER (Martin, 1998; Loomis et al., 1998; Bell et al., 1998) . The early Fgf8 domain is patched indicating a mixing of expressing and non-expressing cells but rapidly evolves to a more compact domain encompassing the process of maturation of the AER (Crossley et al., 1996) . Fgf8 is considered the antonomasia marker of the AER as its expression temporally and spatially accompanies the whole existence of the AER. For this precise reason, Fgf8 expression in the limb ectoderm is considered a synonym of the presence of AER cells. Although, as will be discussed later, a morphological AER does form in the absence of Fgf8, and also in the absence of Fgf8 and Fgf4 Sun et al., 2002; Boulet et al., 2004) .
The temporal discrepancy between the early beginning of Fgf8 expression in the limb ectoderm and the subsequent establishment of the mature AER led to the introduction of the term "pre-AER" to refer to the cells that express Fgf8 but have not yet developed the morphology of the AER (Loomis et al., 1998; Kimmell et al., 2000) (Fig. 4 ). This discrepancy is at the root of the distinction sometimes made between molecular and morphological AER and reflects the fact that the AER can be defined by either morphological or molecular criteria.
In contrast to Fgf8, the other AER-Fgfs show a much more temporally and spatially restricted pattern of expression. Their expression is detected only after the mature AER has been established, confined to a central-posterior domain and at a much lower level than Fgf8. For example, Fgf4 is expressed only in the posterior-distal part of the AER, over the mesodermal area of greatest growth (Niswander and Martin, 1992; Saunders 1948) ( Fig. 5A-B) . Interestingly, the expression of Fgf4 in the AER is regulated by FGF8, since, in the absence of Fgf8 it becomes temporally and spatially upregulated Lewandoski et al., 2000) .
The proof that FGFs were responsible for AER function came from experiments showing that several FGFs could act as substitutes for the AER (Niswander et al., 1993; Fallon et al., 1994 ). An exogenous source of FGF applied to the distal limb mesoderm immediately after the removal of the AER was capable of sustaining further elongation of the bud and the development of a close to normal limb. The exogenously applied FGF also prevented the cell death that normally occurs after AER removal and maintained normal gene expression in the underlying mesoderm Fallon et al., 1994) . Therefore, the AER-FGFs provide proliferation/survival factors for the underlying mesoderm that allow normal progression of limb development. Of particular relevance was the finding that several FGFs were even capable of inducing a supernumerary limb when ectopically applied to the flank interlimb region in chick embryos (Cohn et al., 1995) . In the mouse, chimeras containing Fgf4-expressing cells show small ectopic outgrowths in the flank and application of FGF4 beads to the flank region of mouse embryos in vitro induces the formation of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000) .
Besides Fgfs, a growing number of genes are known to be expressed in the AER (Fig. 5 ). These include transcription factors such as En1 (Loomis et al., 1996), Dlx2, 5 and 6 (Bulfone et al., 1993; Robledo et al., 2002; Kraus and Lufkin, 2006) , Msx2 (Davidson et al., 1991) , and Sp8, Sp9 and Sp6 (Treichel et al., 2003; Bell et al., 2003; Nakamura et al., 2004) ; components of signaling pathways such as Bmp2, 4 and 7 (Francis et al., 1994; Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et al., 2003) , Notch1, Jag2 and Rfng (Radical fringe; Laufer et al., Sidow et al., 1997; Jiang et al., 1998) ; the transmembrane protein Flrt3 (Smith and Tickle, 2006) and several epithelial markers such as Cd44 (Wheatley et al., 1993) , the connexin Cx43 (Laird et al., 1992) , and p63 (Mills et al., 1999; Yang et al., 1999) . Several of these mentioned genes are specifically expressed in the AER and can also be considered AER markers (Bell et al., 1998) but others, such as En1, Msx2, Bmps, Sp8, Sp9 and Sp6 exhibit ectodermal domains of expression broader than that of Fgf8. Particularly interesting is the pattern of expression of En1 (Engrailed1), a homeodomain containing transcription factor, which is expressed precisely in the ventral half of the AER and ventral limb ectoderm (Gardner and Barald, 1992) and is required for the maturation of the AER (see below). For the genes that are expressed in the AER, a comprehensive study to provide a precise definition, in both temporal and spatial terms, of their domains of expression within the AER, and which is yet to appear, would be very useful.
Genetic removal of FGFs from the AER
To prove that FGFs are indeed mediating AER function, the genetic approach of removing one or several AER-Fgfs from the mouse AER has been undertaken. Since Fgf8 and Fgf4 are required at gastrulation, their ablation from the limb bud AER was performed by using different AER or limb-specific Cre recombinase expression lines. The phenotypes of these experiments showed that Fgf8 was the only essential AER-Fgf required for normal limb development , while Fgf4, Fgf9 or Fgf17 were individually or even conjointly dispensable Sun et al., 2000; Colvin et al., 2001; Xu et al., 2000) . These experiments also showed that Fgf8 in some way repressed Fgf4, since Fgf4 expression was in fact extended, both temporally and spatially upon deletion of Fgf8, as we have already mentioned. Remarkably, the simultaneous genetic disruption from the limb ectoderm of Fgf8 and Fgf4, the two AER-Fgfs with the strongest expression in the AER, led to limbless embryos, indicating that FGF8 together with FGF4 represent the principal supply of FGFs from the AER and clearly proving that FGFs are the factors that mediate AER function (Sun et al., 2002; Boulet et al., 2004) .
It is interesting to consider the phenotype of the single deletion of Fgf8 from the AER Boulet et al., 2004) . The limb that forms in the absence of the AER-Fgf8 consistently lacks the radius and first digit and, frequently, digit 2 and the humerus were also absent. As already stated, the upregulation in Fgf4 expression subsequent to the absence of Fgf8 could, at least partially, compensate for absence of Fgf8 ; the phenotype probably depending on the spatial and temporal particularities of this substitution.
In line with this observation, the substitution of Fgf4 for Fgf8 in the AER by concomitantly activating a conditional Fgf4 gain-offunction allele and inactivating an Fgf8 loss-of-function allele in the same cells, demonstrated that FGF4 could functionally replace FGF8 (Lu et al., 2006) . The current model assumes that a certain amount of AER-FGF is required at each stage of limb development, and that the contribution made by the different AER-FGFs is functionally similar (Lu et al., 2006) .
A very interesting phenotype is obtained when both Fgf8 and Fgf4 are deleted with the use of the Mxs2-cre line from the forelimb (Sun et al., 2002) . Due to the kinetics of Fgf8 and Msx2 expression, these forelimbs develop with a transitory initial expression of Fgf8 and only momentary initiation of Fgf4 expression. The PZ model predicts that these limbs should become truncated at some point in the stylopod/zeugopod but, however, the three limb segments form, albeit hypoplastic.
The difficulties of the PZ model to satisfactorily explain some of the AER-FGFs phenotypes, as well as data obtained from celllabeling experiments and grafting recombination experiments, lead to the elaboration of another model called the "Early Specification Model" (Dudley et al., 2002) . This model proposes that the precursors of the three main segments of the limb are already specified from the earliest stages of limb development. The extensive apoptosis or reduced proliferation that occurs after removal of the AER depending on the stage at which the surgery is performed Dudley et al., 2002) , is sufficient to explain the resulting truncation phenotype, without the requirement of a PZ (Dudley et al., 2002) . Although both models can satisfactorily explain most of the limb phenotypes resulting from experimental manipulations or from spontaneous or induced mutations, neither model corresponds with the available molecular data (Tabin and Wolpert, 2007) . Indeed, other alternative frameworks to interpret proximo-distal patterning are possible, such as the antagonism between distal (FGFs) and proximal (Retinoic acid) signals in controlling the expression of genes with proximo-distal identity (Mercader et al., 2000; Tabin and Wolpert, 2007) .
Developmental dynamics of the AER
Three main phases can be considered over the life span of the AER: the first phase or pre-AER that starts with the specification of the AER precursor cells, a middle phase in which the mature AER is well established and a final phase in which the AER flattens and regresses. These three phases will be considered in the following sections.
AER induction
Early grafting and recombination experiments in chicks showed that the AER is induced by the underlying mesoderm. The capacity to induce an AER is normally restricted to the presumptive limb mesoderm as well as the capacity to form an AER is restricted to the limb ectoderm and both capacities are temporally regulated (Kieny 1960; 1968; Saunders and Reuss, 1974; Carrington and Fallon, 1984; 1986) . The flank (interlimb) ectoderm also has the capacity to form an AER if provided with appropriate signals (Saunders and Reuss, 1974; Carrington and Fallon, 1984; Cohn et al., 1995) . Curiously, the dorsal median ectoderm over the neural tube also retains the capacity to form an AER, probably as a vestige of an ancestral dorsal fin (YoneiTamura et al., 1999) . In contrast, the neck is limb-incompetent, not due to the presence of specific inhibitors but rather to the loss of key components of the signaling cascades required (Lours and Dietrich, 2005) . Recent research has made it possible to assign the molecular signals intervening in these interactions (Fig. 6) . It is known that the induction of the AER is directed by complex interactions between the FGF, WNT/β-catenin and BMP signaling pathways that operate within the ectoderm and between the mesoderm and ectoderm of the prospective limb bud. It has been demonstrated that WNT/β-catenin signaling in the limb ectoderm is necessary and sufficient to induce Fgf8 expression and, therefore, an AER both in chick and mouse (Kengaku et al., 1998; Galceran et al., 1999; Pinson et al., 2000; Kawakami et al., 2001; Soshnikova et al., 2003; Barrow et al., 2003) (Fig. 6) . The difference between these two species resides in the particular ligand that activates the canonical WNT pathway that, in the chick, is a particular variant of WNT3a (Narita et al., 2005; , and in the mouse is WNT3 (Barrow et al., 2003) . In humans, the ligand that fulfills this role appears to be WNT3 since a spontaneous mutation of Wnt3 results in tetra-amelia (Niemann et al., 2004) . WNT family members share with FGFs the spectacular property of inducing additional limbs when applied to the interlimb region (Kawakami et al., 2001) .
Chick Wnt3a is initially expressed in a wide area of ectoderm but it becomes quickly restricted to the AER (Kengaku et al., 1998) . In contrast, mouse Wnt3 expression occurs in the entire ectoderm of the limb bud but, for AER formation, WNT3 signaling is only required in the ventral ectoderm, the site in which the AER is specified (Barrow et al., 2003) . Nevertheless, at least in the chick, the dorsal ectoderm is capable of responding to ectopic WNT3A signaling with the formation of ectopic AERs (Kengaku et al., 1998) .
BMP signaling is also essential for the induction of the AER as revealed by loss and gain-of-function experiments, besides being both necessary and sufficient to regulate En1 expression in the ventral ectoderm (Fig. 6) (Ahn et al., 2001; Pizette et al., 2001; Barrow et al., 2003; Soshnikova et al., 2003) . Loss of Bmp signaling from the limb bud ectoderm results in failure of AER formation and bidorsal limbs (Ahn et al., 2001; Pizette et al., 2001; ) . It has been proposed that BMP signaling independently controls AER induction and DV patterning; AER induction is row et al., 2003; Soshnikova et al., 2003) .
These complex molecular interactions result in the induction of the AER precursors in an ample territory of the presumptive limb ectoderm. Quail transplants in the chick showed that the AER precursor cells were located in a broad region of ectoderm covering the whole early limb field mesoderm (Michaud et al., 1997) . However, DiI-labeling of groups of ectodermal cells, also in the chick, showed that AER precursors were initially mixed with dorsal and ventral ectoderm cells (Altabef et al., 1997) . While both studies show that AER precursors initially occupy a much broader domain compared to later stages, they differ in that in one case (Michaud et al., 1997) only packing of these precursors will be required to form the AER, while in the other (Altabef et al., 1997) some kind of reorganization or migration would be needed to sort out AER precursors from dorsal and ventral ectodermal cells. The reason for this discrepancy is presently unknown.
In the mouse, AER precursors are initially distributed in a broad domain of thickened ectoderm covering the ventral limb (Milaire, 1974; Crossley and Martin, 1995; Bell et al., 1998; Loomis et al., 1998) . As already mentioned, initially Fgf8 expression is patched in this territory but soon becomes solid. From E9.5 to E10.5, these cells become compressed and displaced towards the distal tip of the limb by ectodermal morphogenetic movements of the ventral ectoderm, which depend on En1 expression (Loomis et al., 1998) . Lineage labeling experiments have shown that not all the cells in this primitive broad domain become incorporated into the AER, but that some of them remain in the ventral ectoderm and do not become part of the mature AER (Kimmel et al., 2000) as also indicated by the cell-labeling studies in chick (Altabef et al., 1997).
As we have already mentioned, the ability to induce an AER resides in the mesoderm. Several studies have shown that FGF10 is likely to be the factor provided by the mesoderm that starts the process of AER induction. Fgf10 is expressed in the mediated by the MSX transcription factors while control of DV patterning is mediated by EN1 (Pizette et al., 2001) .
To analyze the epistatic relationships between the BMP and the WNT signaling pathways in AER induction, compound mutants carrying loss-of-function of the Bmp receptor 1A (Bmpr1A) gene and gain-of-function mutation in β-catenin in the limb ectoderm were performed (Soshnikova et al., 2003) . Interestingly, the double mutants showed that β-CATENIN was capable of rescuing the Bmpr1A AER (but not the DV) defective phenotype, indicating that canonical WNT signaling is positioned downstream of BMP signaling in the process of AER induction (Shosnikova et al., 2003) . The interactions between these pathways are, however, very intricate since WNT/β-catenin signaling also induces Bmp2, Bmp4 and Bmp7 expression, establishing a positive reinforcing feedback loop between both pathways (Bar-
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lateral plate mesoderm prior to limb emergence (Ohuchi et al., 1997) and its targeted disruption, or that of its receptor Fgfr2b, which is expressed in the overlying limb ectoderm, produces amelic embryos in which the AER is not induced and Fgf8 expression is never detected in the mutant ectoderm (Min et al., 1998; Sekine et al., 1999; De Moerlooze et al., 2000) . Fgf10 signals to the ectoderm to induce Wnt3a in chicks, and Wnt3 in mice, which in turn induces Fgf8 expression (Ohuchi et al., 1997; Kawakami et al., 2001) . Then, FGF8 from the AER signals to the mesoderm to maintain Fgf10 expression (Fig. 6 ). This Fgf8/Fgf10 regulatory loop underlies the mutual interactions and dependence between the AER and the mesoderm. FGF10 is probably the nexus between limb initiation and AER induction, since it plays an important role in both processes. Interestingly, the Growth arrest-specific1 (Gas1) gene, a positive component of the SHH signaling cascade (Allen et al., 2007) , acts in the mesenchyme to maintain high levels of FGF10 and, therefore, Fgf8 expression in the AER. Gas1 mutants show proliferation defects in the AER and underlying mesenchyme and develop with small autopods (Liu et al., 2002) . While Fgf10 is initially expressed in the entire limb mesoderm, the induction of the AER only occurs at the DV interphase. However, it is known that AER induction capacity is present in the dorsal limb bud mesoderm through stage 20HH, long after the normal AER has been induced (Carrington and Fallon, 1986) . This suggests that during normal limb development a hypothetical factor may repress this capacity, once the normal ridge has been induced, so that no supernumerary AERs form. In this regard, it is worth mentioning that such a repressive function has been proposed for Cux1, a nuclear effector of the Notch signaling pathway, based on its expression pattern in the non-AER ectoderm and detrimental effect of its forced expression in the AER (Tavares et al., 2000) . This putative repressive effect may be absent in the eudiplopodia chick mutant, in which an extra AER forms in the dorsal surface of the bud, resulting in supernumerary limb outgrowths (Goetinck, 1964) .
Some component of the signaling pathway operating between the mesoderm and the ectoderm to induce the AER has to be disrupted in the spontaneous chick mutant limbless (Ros et al., 1996; Grieshammer et al., 1996) . Limbless embryos initiate limb outgrowth but induction of the AER fails and, therefore, the emerging limb bud regresses due to cell death. The mutant defect remains to be identified although it is known that the activation of the WNT canonical pathway is defective in the early limbless limb bud and that Fgf10, although being activated, is not maintained (Lizarraga et al., 1999; McQueeney et al., 2002) .
It is known that, in chick embryos, the specific restriction of Fgf10 expression to the prospective limb mesoderm is controlled by WNT/β-catenin signaling in the lateral plate mesoderm (Kawakami et al., 2001 ). In the mouse Tbx genes probably fulfill this function since, so far, no WNT ligand has been detected in the mouse lateral plate mesoderm (Agarwal et al., 2003; Yang, 2003) . In the mouse forelimb, TBX5 is probably the factor that activates Fgf10 transcription in the limb mesenchyme, since Tbx5 mutants lack Fgf10 expression and, furthermore, the Fgf10 promoter contains several TBX5 binding sites (Rallis et al., 2003; Agarwal et al., 2003) . In the hindlimb, this function is performed by TBX4 (Naiche and Papaioannou, 2007) .
Dorso ventral boundary formation and AER induction
During normal development, the AER invariably develops at the DV boundary of the bud (Altabef et al., 1997; Michaud et al., 1997; Tanaka et al., 1997; Kimmel et al., 2000) (Fig. 1) . Also, supernumerary limb buds induced by the application of an FGFsoaked bead to the flank consistently form the AER at the appropriate DV position, in the same plane as the normal fore and hindlimb, independently of the position of the bead (Cohn et al., 1995; Altabef et al., 1997) . Interestingly, the chick mutants limbless and wingless and the mouse mutant legless associate defects in AER induction or maintenance with defects in DV patterning (Grieshammer et al., 1996; Noramly et al., 1996; Ros et al., 1996; Ohuchi et al., 1997; Bell et al., 1998) supporting the link between the AER and the DV specification of the ectoderm. Similarly, in the double Msx1;Msx2 mutant, the AER is induced and maintained except at the anterior border, the level at which a DV boundary fails to form (Lallemand et al., 2005) . Meinhardt (1983) , based on experimental results and theoretical considerations, suggested that a DV boundary in the ectoderm is a necessary condition for AER formation and, along with what is known about compartment boundaries (Dahmann and Basler, 1999) , it seems reasonable to assume that the formation of the AER may require the DV compartment boundary. In support of this view is the observation that the ectopic juxtaposition of dorsal and ventral limb ectoderm induces AER formation (Laufer et al., 1997; Tanaka et al., 1997) .
In the chick, the use of cell-fate tracers has permitted the identification of two distinct ectodermal compartments, dorsal and ventral, in the presumptive limb ectoderm with the DV boundary coincident with the position of the AER (Altabef et al., 1997) . In the mouse, very thorough and elegant studies carried out by the group led by Alex Joyner revealed that AER formation is coordinated by two lineage boundaries, the dorsal and the middle boundaries (Kimmel et al., 2000) . The dorsal border is located along the dorsal margin of the pre-AER domain and the middle border along its middle DV extension, within the AER itself. The middle border was also identified in chick in experiments using quail/chick grafts (Michaud et al., 1997) . Kimmel et al. (Kimmel et al., 2000) proposed a model for AER formation in which all the AER precursors cells are pulled towards the dorsal margin domain (the zip model) and, in addition, bidirectional pulling toward the middle border generates the elevation of the AER. Importantly, AER morphogenesis and gene expression depend on cellcell interactions at both borders, which are regulated, at least in part, by Wnt7a and En1. Interestingly, the middle boundary is transient and its disappearance has been proposed to contribute to the regression of the AER morphology (Kimmel et al., 2000) .
During limb development DV patterning requires complex interactions between the ectoderm and mesoderm (Chen and Johnson, 1999) . Before the onset of limb development, DV information is acquired by the prospective limb mesoderm and then this information is transferred to the ectoderm between stages 14 to 16HH in the chick (MacCabe et al., 1974; Geduspan and MacCabe, 1987) . Once DV patterning is established in the ectoderm, then it is the ectoderm that imposes the DV information on the mesoderm (Akita, 1996; Michaud et al., 1997; Chen and Johnson, 1999) . Experimental manipulations and gain and lossof-function experiments on chicks and genetic studies on mice have demonstrated that BMP signals, probably from the lateral mesoderm, are crucial for DV patterning since they specify the ventral ectoderm by inducing the expression of En1. This occurs in a narrow temporal window immediately prior to the initial outgrowth of the limb bud (Ahn et al., 2001; Pizette et al., 2001) . Other unidentified signals from the somitic mesoderm (maybe noggin) dorsalize the overlying ectoderm that is destined to become the dorsal limb ectoderm (Michaud et al., 1997) . It is worth mentioning that the gain of function of β-CATENIN does not rescue the DV defect typical of Bmpr1a mutants, indicating that canonical Wnt signaling acts upstream or parallel to BMP signaling in DV patterning (Shosnikova et al., 2003) .
The specification of DV polarity in the ectoderm results in the establishment of specific domains of gene expression. Wnt7a is specifically expressed in the dorsal limb ectoderm (Fig. 7A) and plays an essential role in controlling DV patterning of the limb bud by imposing the expression of Lmx1b, a LIM homeodomaincontaining gene, in the dorsal mesoderm (Fig. 7C) (Dealy et al., 1993; Parr et al., 1993; Parr and McMahon, 1995; Riddle et al., 1995; Vogel et al., 1995) . Ventral limb patterning is controlled by EN1 that, at least in part, acts to confine Wnt7a expression to the dorsal ectoderm.
However, our understanding of the link between AER formation and DV patterning is incomplete since the molecules that establish the ectodermal compartments have not yet been identified. Loss or gain-of-function of Wnt7a or Lmx1b disrupts DV patterning but without affecting the morphogenesis of the AER (Loomis et al., 1998; Kimmel et al., 2000) . Also, in the combined 1997; Michaud et al., 1997; Kimmel et al., 2000) . In a second phase, ectodermal morphogenetic movements displace and compact AER cells over the DV tip of the limb bud resulting in the linear and thickened mature AER (Loomis et al., 1998) . This process is usually referred to as maturation of the AER, and is under the control of multiple factors. For example, it is known that En1 is required for the maturation of the AER since in its absence there is a marked ventral expansion of the anterior half of the AER that gives rise to bifurcated and even secondary AERs (Loomis et al., 1998) . Based on these observations, Loomis et al. (1998) have proposed a model for the compaction of the AER that imply morphogenetic movements of the ectoderm that are compared to the closing of a zipper. The two halves of the zipper are the ventral and dorsal halves of the initially broad pre-AER. During the closing process the dorsal half remains fixed while the ventral half is pulled toward the dorsal half in a posterior to anterior direction. Several components of the canonical WNT signaling pathway have also been shown to be involved in AER maturation (see the section of Altered AER morphologies).
Another factor that is required for AER maturation is SP8 since in the Sp8 mutant the pre-AER cells are induced, but the ventral ectoderm cells do not compact at the limb apex (Bell et al., 2003; Treichel et al., 2003) .
AER maintenance
Once induced, the AER requires continuous maintenance signals from the limb mesoderm (Zwilling, 1956; Saunders, 1948) . As soon as the AER is deprived of signals from the underlying mesoderm, for example by transplantation over non-limb mesoderm, or isolation by a barrier, it flattens and regresses. This was interpreted in the early studies by Saunders and Zwilling as the loss of function of Wnt7a and En1, AER development is almost normal, indicating that Wnt7a is required for the AER defects of the En1 mutant and also that neither gene is required for the specification of the boundary required for AER formation (Loomis et al., 1998; Kimmel et al., 2000) . En1 does not specify the ventral compartment in either chick or mouse but it clearly plays a role in AER development (Logan et al., 1997; Altabef et al., 2000) . The observation that either activation or elimination of BMP signaling over the whole limb bud ectoderm similarly leads to failure in the formation of the AER (Pizette et al., 2001) , indicates that what may be important for AER formation is the generation of a border of BMP activity. Therefore, it is possible that the establishment of ectodermal compartments and AER formation requires the generation of a sharp boundary of BMP signaling between the prospective ventral and dorsal ectoderm.
AER maturation
As already stated, specification of AER precursors, both in the chick and in the mouse, occurs in a wide territory over the presumptive limb mesoderm which, particularly in the mouse, occupies the ventral ectoderm (Altabef et al.,
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A mesoderm producing the Apical Ectodermal Maintenance Factor (AEMF) which, in the chick wing, is more abundant posteriorly than anteriorly (Zwilling, 1956) . As a consequence, the AER of the chick wing is asymmetric along its anterior posterior axis; it is much taller posteriorly than anteriorly. When the antero posterior organization of the AER is experimentally reverted, the asymmetry in the AER also reverts rapidly, becoming taller over the posterior mesoderm proving that the AER asymmetry depends on the mesoderm (Zwilling, 1956) . It is known that maintenance of the AER requires continuous WNT/β-catenin signaling in the ectoderm since even the removal of Wnt3 after AER formation results in AER regression (Barrow et al., 2003) . Indeed, AER maintenance appears to require a balanced amount of canonical WNT signaling since either an excess of signaling, as in the Dkk1 mutant, or a deficit in signaling, as in Lrp6 mutants, lead to failure in AER maintenance (Pinson et al., 2000; Mukhopadhyay et al., 2001) . Currently, Fgf10 and Gremlin1 are also involved in AEMF activity (Fig. 6 ). FGF10 is required not only for induction of the AER but also for its maintenance. Interestingly, it has recently been shown that Fgf10 expression in the mesoderm, and thus AER maintenance, depends on the adequate balance between Hoxd genes and Gli3 (Zakany et al., 2007) . FGF10-dependent maintenance of the AER could be mediated by the transcription factor SP8. SP8 is a member of the Sp family that is expressed first in the whole limb ectoderm and then in AER cells (Bell et al., 2003; Treichel et al., 2003; Kawakami et al., 2004) . In the absence of Sp8, Fgf8 expression is initiated in pre-AER cells but rapidly declines and a mature AER fails to form. Since Sp8 is positively regulated by Fgf10 (Kawakami et al., 2004) , it is possible that it mediates the FGF10-dependent maintenance of the AER. Furthermore, Sp8 is likely capable of regulating Fgf8 in a direct way since the proximal region of the Fgf8 gene has multiple Sp1-binding sites (Bouwman and Philipsen, 2002; Kawakami et al., 2004) . Two other members of the Sp family, Sp6 and Sp9, are also expressed in the limb ectoderm and AER (Kawakami et al., 2004; Nakamura et al., 2004) and could play redundant functions with SP8. Therefore, a complete understanding of the role SP factors play on AER maintenance and possibly induction requires further investigation.
Another factor that participates in the maintenance of Fgf8 expression in the AER is Gremlin1 (Grem1; Zuñiga et al., 1999; Khokha et al., 2003; Zuñiga et al., 2004) . Grem1 is a member of the DAN family of BMP antagonists that mediates the positive feed back loop between the FGFs in the AER and SHH in the ZPA (Zuñiga et al., 1999) . As we have already stated, during normal limb development, BMP signaling modulates AER function by negatively modulating Fgf8 expression an effect that is antagonized by GREM1 (Gañan et al., 1996; Pizette and Niswander, 1999) . Inactivation of Grem1 results in enhanced BMP signaling in the mesoderm. This perturbs the normal maturation of the AER, which appears flattened and unable to maintain the feedback loop with the ZPA (Khokha et al., 2003; Zuñiga et al., 2004) . Interestingly, cell lineage tracing experiments have shown that Shhexpressing descendant cells are unable to express Grem1 and that this refractoriness is crucial in the eventual termination of the SHH-FGF loop and therefore in the control of limb bud growth . Recently, BMP activity has been involved in Grem1 regulation of expression (Nissin et al., 2006) . In summary, maintenance of the AER requires the positive inputs of WNT and FGF10 signaling from the ectoderm and mesoderm respectively, as well as the blocking of the negative effect of BMPs achieved by GREM1.
Regression of the AER
Eventually the AER regresses; its particular morphology and gene expression progressively vanish becoming indistinguishable from the dorsal or ventral ectoderm. The regression of the AER is under the control of BMP signaling since overexpression of Noggin, a potent BMP antagonist, leads to abnormal AER persistence both in chick and mouse (Pizette and Niswander, 1999; Guha et al., 2002) . Therefore, while BMP signaling is required for the induction of the AER, once induced, BMP signaling is detrimental for the AER and indeed the AER is maintained as far as the BMP signaling is appropriately counterbalanced (see the AER maintenance section).
This dynamic role of BMP signaling: early BMP activity required for AER formation and later activity required for cessation of AER-FGF expression, has been recently confirmed by the specific deletion of Bmpr1a from pre-AER or from AER cells. If BMP signaling is specifically abolished from the AER, Fgf8 expression continues for longer and interdigital apoptosis is blocked without there being any modification of the expression pattern of Bmps in the mesoderm (Wang et al., 2004; PajniUnderwood et al., 2007) . This latter result suggests that BMP signaling controls apoptosis in the interdigital areas indirectly through their modulation of FGF signaling from the AER (PajniUnderwood et al., 2007) and very nicely fits with the observation that enhanced FGF signaling from the AER results in severe cutaneous syndactyly without modifying the pattern of Bmp expression in the interdigital mesenchyme (Lu et al., 2006) . Interestingly, it seems that the AER can receive BMP signaling directly from the AER itself or from the mesoderm (Gañan et al., 1996; Guha et al., 2002; Wang et al., 2004 : Selever et al., 2004 Bandyopadnyay et al., 2007) .
Reduction of FGF signaling from the AER by the additional removal of Fgf8 or Fgf4 alleles, in the absence of Bmpr1a, is sufficient to rescue the syndactylous phenotype. This indicates that BMPs normally regulate interdigital cell death through the modulation of AER-FGFs signals, which act as survival factors for the interdigit mesenchyme (Pajni-Underwood et al., 2007) . Nevertheless, BMP signaling may also have a more direct role on interdigital cells (Zuzarte-Luis and Hurle, 2005) .
Interestingly, the regression of the AER occurs first over the interdigital spaces, the areas with higher level of BMP signaling (Gañan et al., 1996; Pizette and Niswander, 1999 ).
Altered AER morphologies
There are a growing number of spontaneous or induced mutations that affect AER development and produce altered morphologies. Abnormal morphologies include hyperplastic, hypoplastic, immature and misaligned AERs. We will now consider some of these altered morphologies.
A hyperplastic AER is thicker than normal and probably results from the assembly of a greater number of cells than normal. Hyperplastic AERs are highly elevated and look prominent, but sometimes may protrude towards the mesoderm. As we have mentioned, during normal development, taller AERs associate with areas of high growth. Hyperplastic or broadened AERs have been observed in the cases of reduced BMP signaling due to overexpression of Noggin or loss of Bmp4 expression in the mesoderm (Pizette and Niswander, 1999; Wang et al., 2004; Selever et al., 2004) . As we have already stated, after an initial time window in which BMP signaling is required for AER induction and DV patterning, subsequent BMP signaling is detrimental for the AER and is thought to control normal AER regression after the limb skeletal elements have been specified (Gañan et al., 1996; Pizette and Niswander, 1999) . In general, the reduction of BMP signaling in the AER results in hyperplastic AERs, either elevated or broadened, whereas enhanced BMP signaling results in premature regression of the AER.
Interestingly, the significant reduction in FGF signaling that occurs in the combined genetic ablation of Fgf8 and Fgf4 from the AER results in a morphologically normal AER but with some areas of abnormal thickness in the forelimb (Sun et al., 2002) . This observation indicates that absence of Fgf8 and Fgf4 from the mutant AER does not interfere with AER morphogenesis and also suggests a compensatory mechanism in response to the absence of FGF signaling. It should be noted that double Fgf8;Fgf4 mutants loose Bmp expression from the mesoderm but not from the AER itself.
Hypoplastic AERs are thinner than normal. Dlx2, Dlx5 and Dlx6 are expressed in the AER (Bulfone et al., 1993; Robledo et al., 2002) and deletion of any single one of these genes has no phenotypic consequences. However, the simultaneous targeted inactivation of Dlx5 and Dlx6 results in a phenocopy of the splithand/split-foot human malformation (SHFM1) because of the premature flattening and regression of the central part of the AER. These two genes appear to play essential and redundant functions for the maintenance of the central part of the AER that in their absence regress earlier than normal (Robledo et al., 2002) . This observation has led to the suggestion that Dlx genes may normally block BMP function, a hypothesis that needs further investigation. In this regard, p63, the gene responsible for the Dactylaplasia mutation, is also required for the maintenance of the central AER and responsible in humans for the SHFM1 malformation (Mills et al., 1999; Yang et al., 1999; Sidow et al., 1999 ). P63 appears to be an ectoderm-specific direct target of BMP signaling (Bakkers et al., 2002) .
Broad and flat AERs seem to result from a defect in the maturation process and are characteristic of En1 and Dkk1 mutants. In these two mutants the AER is induced but there is a delay or failure in the compaction of AER precursors towards the distal tip that may evolve to a "double ridge" morphology. The morphology of the double ridge consists of a DV thickened domain of Fgf8 expression outlined by two parallel borders that are more prominent and show more intense Fgf8 expression. This morphology may even lead to two parallel and independent stripes of Fgf8 expression being formed. These two parallel ridges could go on to promote either independent digit outgrowth or partial distal digit duplications. The doubleridge mutation, socalled because of the AER morphology, is caused by a hypomorphic allele of Dkk1 that results in polysyndactyly (Adamska et al., 2003; . The targeted null allele of Dkk1 (Mukhopadhyay et al., 2001 ) presents a more severe phenotype of digit fusions and duplications. Because Dkk1 is a negative regulator of WNT signaling that has a very dynamic domain of expression including the AER, the double ridge phenotype has been associated with enhanced canonical WNT signaling. In this regard, reduced or complete loss of Lrp4 (Johnson et al., 2005; Simon-Chazottes et al., 2006; Weatherbee et al., 2006) , which also results in excessive canonical WNT signaling (Johnson et al., 2005; Weatherbee et al., 2006) , produces phenotypes that are very similar to Dkk1 mutants. Furthermore, the Dkk1 phenotype was corrected by reduced expression of Lrp6 receptor (MacDonald et al., 2004) . Syndactyly and polydactyly appear to be secondary to the DV expansion of the hyperplastic AER. The double ridge phenotype can also be considered as a hyperplastic AER.
Modifications of the Notch signaling pathway in the limb bud also result in hyperplastic AER morphologies. Both Notch1 and Jag2 are expressed in the AER and the conditional removal of Notch1 from the AER, or the disruption of Jagged2, results in very similar phenotypes consisting in moderate DV expansion of the AER that protrudes into the mesoderm instead of acquiring the elevated normal morphology (Francis et al., 2005; Pan et al., 2005; Sidow et al., 1997; Jiang et al., 1998) . It has been shown that the hyperplastic AER morphology results from reduced apoptosis in the AER, therefore involving Notch signaling in the control of cell number in the AER probably through an apoptotic mechanism (Francis et al., 2005) .
Summary
The data summarized in this review clearly demonstrates that the AER is a very dynamic structure, which is continuously undergoing morphogenetic and molecular changes, and is subject to continuous regulation by several regulatory pathways that are sometimes interconnected. One of the most amazing observations is that the AER consistently forms at the dorso-ventral boundary, notwithstanding that the identification of the molecules involved in the generation of this interphase, which might involve BMP signaling, require further investigation. (1996) . The chick limbless mutation causes abnormalities in limb bud dorsal-ventral patterning: implications for the mechanism of apical ridge forma-
